Zr-doped ceria nanotubes (Zr x Ce 1-x O 2 ) were obtained in a high yield from a hydrothermal reaction in an aqueous solution of NaOH with Ce(NO 3 ) 3 · 6H 2 O and ZrO 2 powder in a small proportion. The morphology and crystalline structure were characterized with X-ray diffraction, a scanning electron microscope, and a transmission electron microscope. Mechanisms for the growth of Zr-doped ceria nanotubes are proposed based on the Kirkendall effect; the formation of the tubular structure is strongly dependent on the precursor. This is the first report of a direct synthesis of cerium-oxide nanotubes in high yield. The surface area of the nanotubes is 76 m 2 /g and their average pore size is ∼52.2 nm. Catalytic measurements show that the nanotubes as synthesized are active for an oxygen-storage capacity and for ethanol reforming.
Zr-doped ceria nanotubes (Zr x Ce 1-x O 2 ) were obtained in a high yield from a hydrothermal reaction in an aqueous solution of NaOH with Ce(NO 3 ) 3 · 6H 2 O and ZrO 2 powder in a small proportion. The morphology and crystalline structure were characterized with X-ray diffraction, a scanning electron microscope, and a transmission electron microscope. Mechanisms for the growth of Zr-doped ceria nanotubes are proposed based on the Kirkendall effect; the formation of the tubular structure is strongly dependent on the precursor. This is the first report of a direct synthesis of cerium-oxide nanotubes in high yield. The surface area of the nanotubes is 76 m 2 /g and their average pore size is ∼52.2 nm. Catalytic measurements show that the nanotubes as synthesized are active for an oxygen-storage capacity and for ethanol reforming.
The synthesis of metal-oxide nanocrystals with specific shapes has attracted considerable attention because of their distinctive properties and extensive applications that include photoluminescence, batteries, gas sensors, magnetic media, and catalysis. [1] [2] [3] [4] [5] Among these materials, ceria is attractive because it exhibits a large capacity for the storage of oxygen 6, 7 (OSC) and serves as a solid electrolyte or anode material in solid-oxide fuel cells, [8] [9] [10] [11] [12] oxygen sensor, 13 ultraviolet absorber, 14, 15 and catalyst for various reactions. 16 Dispersion of a catalytically active metal and ceriumoxide nanoparticles throughout an alumina support of large surface area has been reported to enhance the catalytic performance of the ethanol-reforming reaction. 17, 18 For the utilization of cerium oxide as a catalyst, a simple and effective technique to prepare it with both a large surface area and a controlled shape is needed. Shape-controlling syntheses of cerium oxide in various forms including particle, 19 rod, [20] [21] [22] [23] cube, 18,24 hollow sphere, 25 wire, 26 flowerlike, 27, 28 and nanotube [29] [30] [31] [32] have been reported. Among several methods developed recently for the synthesis of ceria nanotubes, Han et al. demonstrated the use of precipitation and an aging process to prepare CeO 2 nanotubes; their method requires protracted aging (45 d), and the product contains CeO 2 nanostructures in both rod and tube forms. 31 Tang and co-workers described another method to prepare CeO 2 nanotubes on annealing Ce(OH) 3 nanorods under reducing conditions; 32 the entire process requires operation under an inert atmosphere, and the major product has a nanorod instead of a nanotube form. Zhou and co-workers reported the synthesis of CeO 2 nanotubes using H 2 O 2 to etch Ce(OH) 3 nanorods, 31 but the product contains CeO 2 nanomaterial in both tube and particle forms. Sun and co-workers reported the use of Ce(OH)CO 3 nanorods as a precursor to synthesize a CeO 2 nanomaterial in tube form in alkaline solutions. 32 These approaches to synthesing cerium oxide nanotubes typically require protracted reaction, templating materials (e.g., AAO), surfactants (e.g., PEG), or multiple steps during which the reaction condition is difficult to control. For the solid-solution phase, Zr x Ce 1-x O 2 , various authors have described methods for the synthesis of mesoporous and nanocage forms, 25, 33 but there seems to be no report regarding the direct synthesis of Zr-doped CeO 2 nanotubes with a high yield. Here we report a facile approach for the synthesis of Zr x Ce 1-x O 2 nanotubes.
In a typical synthesis, Ce(NO 3 ) 3 · 6H 2 O (0.4 g) and ZrO 2 (powder, 0.01 g) were dispersed in NaOH (15 M, ∼16 mL) solution under stirring near 295 K for 10 min; the mixture was transferred into an autoclave (25 mL, diluted to 80% of the capacity with distilled water), which was sealed and maintained at 100-200°C for 48 h, followed by cooling naturally to ambient temperature. The white precipitate was washed several times with deionized water, collected by filtration, and dried in air. The yield of the product was estimated to be ∼90% based on the initial mass of Ce(NO 3 ) 3 · 6H 2 O. The crystal phase was determined with powder X-ray diffraction (XRD, Bruker D8-Advance, Cu KR radiation). Structural and compositional information for the product material was obtained with a scanning electron microscope (SEM, Hitachi S-4700I), a transmission electron microscope, selected-area electron diffraction (TEM/SAED, JEM-2010F), an energy-dispersive X-ray spectrometer (HRTEM/EDX, JEM-2010F), an inductively coupled plasma-mass spectrometer (ICP-MS, Perkin-Elmer SCIEX ELAN 5000), a UV-vis spectrophotometer (Shimadzu UV-1601). Analyses of surface area and pore size were carried out with Quantachrome. The catalytic activity was investigated by temperature-programmed reduction (TPR) with H 2 and with ethanol-reforming analyses using a GC-MS system (Thermo Trace GC 2000). Reactions with various Zr precursors and reaction conditions were performed for the synthesis of Zr-doped cerria nanomaterials. The synthetic procedures were kept constant; the results show that only the precursor ZrO 2 yields the desired nanotube form. The duration of reaction time, temperature, and concentration of NaOH have no effect on the morphology. For reaction with high Zr/Ce ratio, the products, based on the powder XRD and SEM, showed no nanotube form * To whom correspondence should be addressed. Tel.: 886-3-5131332. Fax: 886-3-5723764. E-mail: chishen@mail.nctu.edu.tw. and generally yielded a mixture of CeO 2 , ZrO 2 with varied morphology (Table S1 ).
The powder XRD pattern for the product as synthesized is shown in Figure 1 Figure S2 ). The results indicate that the Zr content is much smaller than the reaction composition ∼7 atom %, indicating that most Zr is not incorporated into the nanotube. The entire morphology evolution might be derived from the Kirkendall effect (see Scheme 1). 25, 35, 36 The reaction initially yielded Zr Figure 3 shows nitrogen adsorption-desorption isotherms and the corresponding distributions of pore size of the Zr-doped ceria nanotubes. The isotherm curve evidently shows a hysteresis loop for relative pressures over a wide range. The BET (BrunauerEmmett-Teller) surface area of nanotubes as synthesized was 76 m 2 /g. The curve for the distribution of pore size (inset of Figure 3) , obtained with the Barrett-Joyner-Halenda (BJH) method using the adsorption branches of the isotherms, is centered about ∼52 nm, consistent with the observed size from TEM tests. The subsidiary maximum at ∼3.8 nm may be due to the voids formed on the surface of a nanotube. 38 Such a large surface area and pore size is comparable to previously reported CeO 2 nanotube materials, obtained from Ce(OH)CO 3 nanorods. 32 The results indicate clearly that the surface area and porosity of the nanomaterials as synthesized are significantly superior to those of bulk CeO 2 materials.
Ceria might be used as an oxygen-transfer component in redox catalysis for its excellent oxygen storage capacity (OSC). 39 To characterize the OSC of the Zr-doped ceria nanotubes, we performed temperature-programmed reduction (TPR) with H 2 to obtain the result shown in Figure 4a . The reduction profile shows two broad maxima and a further reduction maximum above 700°C; the former features at 354 and 474°C are attributed to a global process corresponding to the consumption of surface oxygen species, whereas the maximum at 825°C reflects the bulk reduction. The area under the low-temperature curve can be used to estimate the oxygen that contributes to the reduction during the TPR operation. A quantitative evaluation of the low-temperature reduction feature (below 620°C, representation for OSC) reveals that hydrogen consumed by Zrdoped ceria nanotubes is 984 µmol H 2 per g. 31, 40, 41 The effect of as-synthesized nanotubes on H 2 selectivity (S H 2 ) in ethanol reforming was tested using catalysts of 5 wt % Ru/Zr-doped ceria nanotubes (catalyst 1) and 5 wt % Ru/Zr 0.03 Ce 0.97 O 2 nanoparticles (catalyst 2) using porous Al 2 O 3 as support, according to the literature scheme. The hydrogen selectivity (S H 2 ) is defined as the molar ratio of the product H 2 to the hydrogen production per mole of ethanol. The effect of the C/O ratio on the catalytic performance of catalysts is shown in Figure 4b with the C/O ratio varied from 0.4 to 0.8. The results indicate that, for catalyst 1, S H 2 increased gradually on increasing C/O to attain a maximum value 110% at C/O ) 0.7, which is larger than the maximum S H 2 of catalyst 2 (S H 2 ) 90% at C/O ratio ∼ 0.6). S H 2 of catalyst 1 decreased sharply from 110 to 60% upon altering the C/O ratio from 0.7 to 0.8, whereas SH 2 of catalyst 2 decreased from 90 to 70%. A catalyst with Zr-doped ceria nanotubes is evidently more active than CeO 2 particles for the conversion of ethanol to hydrogen, which might be due to the fact that CeO 2 nanotubes contain a greater exposed surface of {100} and {110} facets than CeO 2 nanoparticles. 18 In conclusion, Zr-doped ceria nanotubes were synthesized with a direct hydrothermal reaction using ZrO 2 in a small proportion to assist the formation of nanotubes. The possible mechanism may be described by the Kirkendall effect, and the formation of the tubular structure depends strongly on the precursor, rather than on the effect of the concentration of base. This reaction route significantly diminishes the duration of synthesis of Zr-doped ceria nanotubes. The product as synthesized exhibits a large surface area and a large pore size, and is highly active for hydrogen reduction and ethanol reforming relative to bulk material; the product might thus be used as a highly active catalyst. The results demonstrate that the direct synthesis of Zr-doped ceria nanotubes with a large surface area and a large pore size indicates potential applications in catalysis. We expect this method to be applicable to the preparation of diverse metal-oxide nanotubes from suitable precursors.
